A coarse-grain method for simulations of the dynamics of active protein inclusions in lipid bilayers is described. It combines the previously proposed hybrid simulations of bilayers [M.-J. Huang, R. Kapral, A. S. Mikhailov, and H.-Y. Chen, J. Chem. Phys. 137, 055101 (2012)], based on molecular dynamics for the lipids and multi-particle collision dynamics for the solvent, with an elastic-network description of active proteins. The method is implemented for a model molecular machine which performs active conformational motions induced by ligand binding and its release after reaction. The situation characteristic for peripheral membrane proteins is considered. Statistical investigations of the effects of single active or passive inclusions on the shape of the membrane are carried out. The results show that the peripheral machine produces asymmetric perturbations of the thickness of two leaflets of the membrane. It also produces a local saddle in the midplane height of the bilayer. Analysis of the power spectrum of the fluctuations of the membrane midplane shows that the conformational motion of the machine perturbs these membrane fluctuations. The hydrodynamic lipid flows induced by cyclic conformational changes in the machine are analyzed. It is shown that such flows are longranged and should provide an additional important mechanism for interactions between active inclusions in biological membranes.
I. INTRODUCTION
More than half of all proteins interact with biomembranes and a significant fraction of the biomembrane mass in a cell is due to protein inclusions. 1 Membrane proteins carry out numerous functions. Structural proteins attached to the cytoskeleton are responsible for mechanical stability of biological cells, whereas adhesion proteins allow cells to recognize each other and to interact. Ion pumps and membrane channels are essential for transmembrane transport of particles. Receptors play an important role in intracellular signal transduction and membrane enzymes produce substances needed for cell operation. Bin-Amphiphysin-Rvs (BAR) domain proteins, which stabilize tubular membrane structures, play a role in membrane fission processes. 2, 3 The proteins may span the entire membrane (for example, ion pumps) or may only be attached in one lipid monolayer (BAR domain proteins). While some of these functions are static in nature, many of them are dynamic and involve cyclic conformational changes, which require a continuous supply of energy. Dynamic membrane proteins are active inclusions and function as molecular machines. 4 Due to coupling between the proteins and the lipid bilayer, conformational changes in active inclusions can significantly affect the membranes in which they reside. Experiments showing changes in membrane fluctuation behavior induced by active protein inclusions have been carried out. 5 Collective effects of active protein inclusions on membrane stability and dynamics have been investigated theoretically, but at a phenomenological level that does not resolve the detailed structures of the proteins and lipid bilayers. [6] [7] [8] [9] [10] Membrane proteins have been studied using all-atom molecular dynamics (MD) simulations. 11, 12 Since these systems comprise proteins, lipids, and water molecules, the MD simulations are computationally intensive and the dynamics of small systems could be followed for short times (typically, for a membrane with a linear size of about ten nanometers and over nanosecond time scales, see, e.g., Refs. 11 and 12). However, the characteristic timescales of cyclic conformational motions that underlie the activity of protein machines range from microseconds to tens of milliseconds; thus, full MD simulations of membranes with active inclusions over all relevant time scales are not currently feasible.
Various coarse-grain models of proteins have been constructed. In Go-like models, entire residues are replaced by single point particles interacting through effective pairwise potentials. 13 A further reduction in the description is made in elastic-network (EN) models [14] [15] [16] where the point particles are assumed to interact through elastic potential functions, and elastic networks are constructed using experimental X-ray diffraction data for actual proteins. [17] [18] [19] [20] Despite their simplicity, EN models have been able to describe many features of protein dynamics; for instance, the thermal fluctuations (B factors) of various proteins (see, e.g., Ref. 21) , conformational relaxation processes in proteins 17 and conformational responses to ligand binding or the application of external forces. 18, 22 Such models have been extended to account for partial unfolding and refolding of proteins and used in a study of the turnover cycles of the enzyme adenylate kinase. 23 The entire operation cycles of the molecular motor hepatitis C helicase, including its interactions with DNA, could be reproduced using an EN model. 18 Several coarse-grain models for lipid membranes have been proposed and implemented. Single lipid molecules are often modeled as chains of molecular groups or beads that interact through effective potentials; lipid molecules within the membrane also interact through such effective potentials. A very simple solvent-free coarse-grain model for a lipid membrane, where individual lipids are modeled by three beads connected by elastic interactions, was constructed by Cooke et al. 24 Other models explicitly include solvent, albeit at a coarse-grain level. 25, 26 The dynamics of the lipid membrane may then be followed using molecular dynamics, but for a system with fewer particles than in a full atomistic model. A higher level of coarse graining is provided by dissipative particle dynamics (DPD) where the solvent is modeled by effective particles interacting with each other and with the lipids via soft potentials. Large-scale DPD simulations of biological membranes have been performed (see, e.g., Refs. [27] [28] [29] . Multiparticle collision dynamics (MPCD) 30, 31 is another method for simulating the dynamics of large systems at mesoscopic level. It is computationally efficient and has been applied with success in a variety of applications. 32, 33 In MPCD, real pairwise collisions between solvent molecules are replaced by effective multiparticle collisions between coarse-grain particles which take place inside a lattice of cells. Recently, we have combined the MPCD description for the solvent with a coarse-grain description of lipids to obtain a fast and efficient method for numerical simulations of lipid bilayers. 34 The results of simulations showed that various structural phases of lipid bilayers at different temperatures could be reproduced and experimentally known statistical properties of liquid biomembranes could be recovered.
Interactions between transmembrane 35, 36 and peripheral 37, 38 inclusions in lipid bilayers have been investigated using DPD. The structures of the inclusions were not resolved and inclusions were modeled as static stiff cylinders spanning or anchored to lipid bilayers. Simulations of passive peripheral proteins interacting with lipid bilayers have been performed using coarse-grain MD and EN models for proteins. 39 Recently, a simple model of an active membrane machine comprising three stiff cylinders with variable links between them was simulated using a coarse-grain description for the lipids and MPCD for the solvent. 40 This model machine can behave as an active swimmer, propelling itself through the membrane.
The aim of the present study is to demonstrate how EN modeling for an active protein machine can be combined with a mesoscopic description for a lipid bilayer, together with the surrounding solvent, to perform fast coarse-grain simulations for active molecular machines in biomembranes. While our approach can be extended straightforwardly to models for real protein inclusions, we study a simple artificial molecular machine whose cycles are based on ligandinduced mechanochemical motions. 17 This model machine mimics the characteristic behavior of actual protein machines (cf. Refs. 41 and 42); its cyclic operation in a solvent has been investigated using MPCD. 22 We consider peripheral protein inclusions, so that our machine does not span the two lipid layers but resides only in one of them. However, the machine is not merely anchored to the membrane: both of its mobile domains have hydrophobic parts and are immersed in the membrane. Under active operation of the machine, the domains move within the membrane and produce hydrodynamic lipid flows. Because the machine has two mobile domains in the membrane, a wealth of interesting behavior can be observed already for a single active inclusion.
In Sec. II, a detailed description of the coarse-grain model of the system is given. The results of simulations of the dynamics of membranes with single active or passive inclusions and their analysis are reported in Sec. III. We show that the membrane is not only statically deformed by passive inclusions, but also dynamically perturbed by the conformational motions of active inclusions. Such conformational motions produce lipid flows which resemble the flows induced by a two-dimensional force dipole. The paper ends with conclusions and a discussion of the results.
II. THE MESOSCOPIC MODEL
The full mesoscopic model comprises coarse-grain models for the lipid bilayer, active protein machine inclusion, and surrounding solvent. The system evolves in time through hybrid MD-MPCD, which combines MD for the protein and lipid molecules in the membrane, and the interactions of these species with the solvent, with MPCD for the solvent.
A. The lipid bilayer membrane
The lipid bilayer model has been given elsewhere 34 and the details of this model will not be repeated here. Briefly, it is based on the model of Cooke et al. 24 with potential parameters modified to account for the presence of solvent. Each lipid chain has a hydrophilic head bead (h) and three hydrophobic tail beads (t). Any two lipid beads interact through the truncated repulsive Lennard-Jones potentials. Two neighboring beads inside the same lipid chain are connected by FENE bonds 43 and elastic springs connect next-nearest neighbors in order to account for the bending rigidity of the lipid chain. Hydrophobic effects are taken into account by introducing an additional attractive potential that acts at intermediate distances between tail beads that belong to different lipid chains. Solvent particles and lipid head beads also interact through an attractive potential with shorter attractive range accounting for hydrophilic effects.
B. The molecular machine
Although the molecular machine inclusion is based on a model protein constructed and studied earlier, 17, 22 some additional detail is required since the manner in which it interacts with the membrane must be specified. The model machine is represented by an elastic network having N = 64 particles connected by elastic springs. The elastic energy of the machine is given by
where k p is the spring constant, d ij = |R i − R j | is the distance between particles i and j located at R i and R j , d The binding pocket is located in the hinge region and comprises three binding sites (i = b 1 , b 2 , b 3 ). Binding of the ligand is imitated by placing an additional particle with i = 65 at the center of mass of the binding sites and introducing three new elastic links that connect the ligand to the binding sites. The elastic energy E* of the machine-ligand complex is This complex undergoes relaxation to its own equilibrium state, corresponding to the closed conformation of the machine (B). When this state is approached, the substrate ligand is transformed into product, which immediately leaves the machine (in terms of the elastic network model, this means that the links connecting the ligand to the machine network suddenly disappear). Subsequently, the free machine relaxes toward its equilibrium open state, where the next ligand may bind so that the cycle is repeated.
To model an active peripheral membrane protein, several particles near the ends of both arms of the machine were made hydrophobic (pt), 44 while all other particles in the machine were hydrophilic (ph) (see Fig. 2(a) ). Interactions between hydrophilic particles of the machine and lipid beads are given by repulsive Lennard-Jones potentials,
where α, α ∈ {h, t, ph}, θ (r) is the Heaviside function, and r ij = |r i − r j | is the distance between the beads i and j. The diameter of the beads is determined by the cutoff length r c = 2 1/6 σ , and the interaction strength between beads i and j is αα , if bead i is of type α and bead j is of type α . The hydrophilic particles have different interaction strengths ph, h and ph, t with the head and tail lipid particles. Hydrophobic particles of the machine interact with lipid head beads through the potential (3) with the cutoff length r c and the interaction strength pt, h . Interactions between hydrophobic machine particles and lipid tail beads are described by an attractive potential,
with w α,α = w pt,t and α,α = pt,t . Because of hydrophobic interactions between hydrophobic parts of the machine and lipid tails, hydrophobic particles prefer to remain inside the membrane leading to insertion of the machine into the membrane.
Binding and release of the ligand are controlled by the machine conformation. The conformation is characterized by the hinge angle θ shown in Fig. 2(b) ). It is defined as the angle between two unit vectorsr 1 andr 2 ; i.e., by the equation cos θ =r 1 ·r 2 , wherer 1 = (R 7 − R bs )/|R 7 − R bs | and r 2 = (R bs − R 64 )/|R bs − R 64 | with R bs the position of the center of mass of the three binding sites b 1 , b 2 , and b 3 .
In our simulations, we assume that binding of the ligand is possible inside the interval of the hinge angles defined by the condition |cos θ − cos θ o | < δ. Within this interval, binding of ligand occurs with the probability rate ν o per unit time. Release of the ligand takes place inside the angle window |cos θ − cos θ c | < δ with the probability rate ν c . We do not allow dissociation of the ligand within the window where its binding may take place. Moreover, we assume that the products are immediately removed, so that the reverse binding of the product after its release and subsequent back reactions are not possible.
C. Interactions with the solvent
Interactions between solvent particles and the hydrophobic and hydrophilic particles of the machine are chosen to be repulsive and are given by Eq. (3) with the same cutoff length r c , and interaction strengths pt,s and ph,s , respectively. Interactions between solvent particles and lipid beads are the same as in our previous study, 34 where a detailed description can be found. Interactions between solvent particles and lipid tails are purely repulsive with interaction strength ts , thus taking into account hydrophobic effects. Interactions between solvent particles and lipid heads are repulsive at short range, but attractive at intermediate lengths with the interaction strength hs ; hydrophilic effects are thus included.
D. Hybrid MD-MPC dynamics
The time evolution of the entire system is described by hybrid MD-MPCD, which combines molecular dynamics segments and effective multiparticle solvent collisions at discrete time intervals. Within the molecular dynamics segments, all beads and particles move according to Newton's equations of motion. During this period of time there are no solvent-solvent interactions and the solvent particles only interact with the lipid beads and machine particles through intermolecular potentials. At time intervals τ , multiparticle collisions among solvent particles take place. Such collisions are carried out by sorting solvent particles into the cells of a simple cubic lattice. Particles in the same cell exchange their momentum with each other while the total momentum in the cell is conserved. The constant temperature version of MPCD is employed. 33 For the ith particle in the cell ξ , the collision inside this cell is modeled by updating its velocity, v i , so that the new velocity, v i is given by
where V ξ is the mean velocity of the particles in the cell ξ , and the components of v ran i are chosen to be Gaussian random numbers with zero mean and variance k B T/m. The summation is performed over N ξ solvent particles inside the cell ξ . Since the mean free path of the solvent particles in our simulations was small compared with the size of a MPC cell, we have used random grid-shifting 45, 46 to implement the MPC step. Additional details and applications of MPCD can be found in review articles. 32, 33 
E. Parameter values
In this section we give numerical values of all parameters used in our simulations and specify the initial and boundary conditions that were employed. Some of the parameters were introduced in our previous publication dealing with the lipid bilayer, 34 which should be consulted for further information. The characteristic interaction energies between different types of beads were ht = 1 , hs = ph,s = 0.05 , ts = pt,s = 2.0 , hh = tt = pt,t = 0.5 , and ph,h = ph,t = pt,h = 5.0 . The attraction ranges for tail-tail and solventhead interactions were chosen such that r c + w tt = 2.6 σ and r c + w sh = 1.65 σ . The attractive range for a machine hydrophobic particle and a lipid tail bead was w pt,t = w tt . Lipid beads and solvent particles had equal masses m = m s = m, while the mass of the machine particles was m p = 10 m. The simulations were carried out in a rectangular box of size 40 σ × 40 σ × 25 σ with periodic boundary conditions. The lateral size of a MPC cell was a 0 = σ . The system contained one model machine, 2560 lipid chains, and 140 784 solvent particles.
The machine dynamics in a solvent was investigated earlier using MPCD. 22 In the present study, we chose a higher temperature to ensure that the membrane was in the liquid phase characteristic of that for real biological membranes. Since thermal noise was stronger at higher temperatures, the machine was made stiffer than in Ref. 22 , with a larger spring constant k p = 6000 /σ 2 . In addition, the natural lengths of all springs were shortened by a factor of two, thus making the machine smaller. The machine was in the open state when cos θ ≈ cos θ o = 0.71 and in the closed state when cos θ ≈ cos θ c = 0.11. The ligand binding and release conditions were determined by the parameter δ = 0.05; the binding and release rate constants were chosen as ν o = ν c = 0.1.
The initial velocities of all particles were Gaussian distributed with zero mean and variance k B T/m α for each component, where α = , s, and p. For the MD trajectory segments, Newton's equations of motion were integrated using the velocity-Verlet algorithm with a time step of δ t = 0.005 t 0 , where t 0 = mσ 2 / . The MPC time step was τ = 0.2 t 0 = 40 δt. At the beginning of the simulations, the model machine was prepared in the closed conformation, and the hydrophobic beads were immersed in the membrane. The simulation data were collected after the system evolved for 10 5 δt, so that a new steady state was established. The numerical results are reported below in dimensionless units. We have chosen σ to be the unit of length and m the unit mass. The characteristic interaction energy between a lipid head and a lipid tail bead, ht ≡ = k B T, was taken to be the unit energy. Time is reported in units of δt.
With the parameters for lipid-lipid and lipid-solvent interactions described above, self-assembly of a membrane from an initially uniform mixture of lipids was observed, and the resulting membranes were in liquid phase. 34 
III. SIMULATION RESULTS
Simulations of the dynamics of the active and passive (ligand-free or ligand-bound (Fig. 3) ) molecular machines in a lipid bilayer have been carried out and videos for both cases are available in the online information.
The results of these simulations show that the membraneassociated machines remain attached to the membrane; however, both of their arms are located only within one lipid leaflet, a situation that characterizes peripheral proteins.
Interactions with the membrane affect the machine dynamics. More specifically, the hinge angle of the membrane machine in its ligand-free open conformation is larger (with the maximum at about cos θ max 0.85) than that for the same machine in the absence of a membrane (cos θ 1.0). The lipids close to the ends of the opening arms are pulled up and the lipids close to the center of the machine are pushed down- ward by the machine. The forces generated by the deformed membrane and applied to the machine arms do not allow the machine to completely open and thus increase the hinge angle. By contrast, the ligand-bound closed conformation of the membrane machine is not strongly affected by the interactions with lipids, and its hinge angle is about the same as that for the machine in a solvent (cos θ 0.17). Thus, the machine perturbs the membrane more strongly if it is in the ligand-free open conformation.
A. Effects of passive inclusions
Lipid bilayer membranes are deformable objects, and the deformations in the thickness and the height of the membrane are analyzed below. We begin our statistical analysis by considering membrane deformations induced by passive inclusions, i.e., by machines where binding or detachment of the ligands is suppressed so that active cycling is absent. Generally, the presence of an inclusion can lead to local compression and to local bending of the membrane. The local thickness of the membrane can be used to monitor local compression while the local membrane height can be used as a probe for the local bending of the membrane; both properties are considered for passive inclusions representing ligand-free and ligand-bound machines.
To quantitatively describe membrane deformations, averages over 2000 system configurations separated by 500 δt were performed for both cases. For each configuration, the system was shifted and rotated so that the center of mass of the machine was always located in the center of the membrane and the machine was always orientated along the diagonal line in the xy-plane. Through such a posteriori adjustment, we could compare the induced membrane deformation profiles irrespective of the actual position and orientation of the machine.
In each system configuration, the lipid beads were sorted according to their positions into a grid of 16 × 16 cells in the xy-plane with linear cell size 2.5 σ . In the cell (x, y), the midplane height, h m (x, y), was measured by averaging the z-components of the positions of all the terminal lipid-tail beads in this cell, and the membrane thickness was defined as , y) , where h u (x, y) and h l (x, y) are the heights of the upper and the lower leaflets, respectively. The heights of the leaflets were determined by averaging the z-components of the positions of the lipid head beads. A lipid was taken as being in the upper or lower leaflets by identifying the z-component of its head bead (r h,z ) and its terminal tail bead (r t,z ). If r h,z > r t,z , this lipid was in the upper leaflet, and in the lower leaflet otherwise.
Note that our definition of midplane height is different from the conventional definition, 1, 47 where the average height of the upper and the lower leaflets were taken. Together with the membrane thickness, the elastic deformations of a membrane were described by these two fields. 1, 47 Since our molecular machine is attached to only one membrane leaflet, the membrane leaflets are expected to be differently deformed. Therefore, in this work we use three fields h u , h l , and h m to describe membrane shape. Here ··· denotes an average over all system configurations and d 0 ∼ 5.5 σ is the mean thickness of the machine-free membrane. 34 In addition, we have displayed the average positions of hydrophobic particles (solid orange circles) and hydrophilic particles (open circles) which are immersed in the membrane or are in contact with it. Note that the upper-right and the lower-left hydrophobic particles in these figures correspond to the right and the left arms of the machine shown in Fig. 3 . As expected from Fig. 3(a) for the ligand-free machine, the lipids that are close to the hydrophobic machine particles were found to strongly interact with the hydrophilic particles of the machine, resulting in two thinned domains with the lateral sizes between 5 σ and 10 σ (see Fig. 4(a) ), comparable to the size of the hydrophobic part of the machine projected onto the membrane. For the ligand-bound machine in Fig. 4(b) , only one thinned domain at the left arm is seen.
The normalized midplane heights of the membrane, is the instantaneous mean midplane height. In contrast to the compression, which is localized in narrow regions corresponding to the immersed parts of the arms, membrane bending extends over a lager area comparable with the size of the entire machine. Furthermore, while substantial bending is induced by the ligand-free machine, only weak membrane bending is found if a passive machine with a ligand is present. These findings indicate that membranes are compressed and bent in the presence of forces exerted by the molecular machine. In contrast to previous studies 35, 36 where passive transmembrane inclusions spanning both membrane monolayers were considered, our machine inclusions correspond to peripheral proteins and are immersed in only one membrane monolayer (leaflet). Therefore, depending on which leaflet is considered, deformation effects may be different. Below, we investigate such differences by determining the heights of two membrane leaflets.
The average heights of the upper and lower leaflets with both types of passive machines were obtained by using the a posteriori adjustment procedure described above. In the cell (x, y), we calculated the normalized average local heights H u (x, y) = h u (x, y) − h Figures 5(a) and 5(c) show H u (x, y) and H l (x, y) for the membrane with a passive ligand-free machine. As might be expected, in the upper leaflet the lipids were pressed down by the hydrophilic particles so that two depressions were formed, and the lipids near the ends of the hydrophobic parts were raised by the opening arms so that two elevations were found there ( Fig. 5(a) ). Such deformations extended over an area comparable with the size of the inclusion. Similar deformations were found in the lower leaflet (see Fig. 5(c) ), but their magnitudes were significantly smaller.
For the membranes with passive ligand-bound machines, noticeable changes were found only in the upper leaflet near the ends of machine arms (Fig. 5(b) ), and the effects on the lower leaflet were negligible (Fig. 5(d) ).
B. Effects of active inclusions
Our active membrane machine cyclically changes its conformation, alternating between the open and closed states, as illustrated in Fig. 6 . (The video for the active membrane machine is available in the online information.) When the substrate ligand arrives (A), the machine swings its arms downward (B→C) and presses the membrane until the machine reaches the closed state where the ligand is in a favorable environment for conversion to product, which is then released. After the ligand has left the machine (C), the membrane is locally pulled upward by the opening arms (D→A). In our simulations, such cyclic conformational motions are traced by monitoring the machine hinge angle. The evolution of the hinge angle over 7 typical cycles is shown in Fig. 7 . Thus, repeated membrane deformations, comprising its local bending and thinning, take place when the machine is active. Moreover, since the immersed arms of the machine actively move apart or towards one another through the membrane, hydrodynamical flows within lipid leaflets can be induced. Both of these effects have been considered in our simulations and their statistical analysis.
First, we consider how an active machine influences the shape of the membrane. In contrast to the study of passive machines, information contained in the average membrane profiles is no longer sufficient for this purpose, and instead shape fluctuations of the membrane were analyzed. To determine the power spectrum of height fluctuations, membrane configurations were recorded every 10000 δt and, in total, 1000 membrane configurations were collected for analysis. In each configuration, the membrane was divided into 16 × 16 cells, and the midplane height of each cell was measured by the mean positions of the last tail beads. Then, the power spectrum of each membrane configuration was obtained by performing a fast Fourier transform of the midplane heights. By averaging over all membrane configurations, the average power spectrum was obtained. Figure 8 shows the power spectrum of height fluctuations of the membrane S q = L 2 0 |h m (q)| 2 with an active machine (blue solid triangles). For comparison, we have also measured the power spectrum of the same membrane without a machine (black circles) and of the membrane with passive machines in the presence or absence of ligands (red solid diamonds and yellow solid diamonds). From an examination of this figure, we see that the presence of inclusions affects the power spectrum of height fluctuations and the effect depends on the conformational state and the activity of these inclusions. However, significant changes are found only for sufficiently small wavenumbers q < q m , where q m is approximately 0.3. This characteristic wavenumber corresponds to the length of about L m = 20 σ which is close to the linear size of the membrane machine. We can also see that the strongest influence on the height fluctuations spectrum is for a machine in the ligand-free open conformation. This is consistent with our previous observations (Figs. 4 and 5) since, in this conformation, the machine most strongly perturbs the local height and the thickness of the membrane. Note that the analysis of S q based on the experimental data for the transmembrane bacteriorhodopsin protein has previously shown that the surface tension of the membrane with the active form of the protein was significantly lower than that with the passive form. 5 In our simulations, we found that the surface tensions of the membranes with a ligand-free machine and a ligand-bound machine were ∼3.05 /σ 2 and 3.10 /σ 2 , respectively, and the surface tension was ∼3.09 /σ 2 for the membranes with an active machine. Therefore, in going from passive to active peripheral proteins, only a small change in the surface tension is observed in the model which we consider.
From Fig. 8 , we see that fluctuations of a membrane with an active machine are smaller than those of a membrane with a passive ligand-free machine and are only slightly stronger than that for a passive ligand-bound machine. By examining the time series of the hinge angle (see Fig. 7 ), it can be noticed that, within a machine cycle, the machine spends much time in the closed conformation waiting for the ligand to be released. This explains why the fluctuations of a membrane with an active machine are closer to those of a membrane with a passive machine in the closed conformation.
To analyze height fluctuations further, the autocorrelation function C q min (t) = h q min (t)h −q min (0) , where h q min is the Fourier component of the membrane height with smallest wave number q min = 2π /L 0 , was determined (Fig. 9) . Here L 0 is the linear size of the membrane. As we see from this figure, the correlation time of such fluctuations is about τ c = 5000 δt. We also determined the average time for the machine opening and closing processes, where the opening process started from ligand release and finished when the hinge angle first entered the ligand binding window and the closing process started from ligand binding and finished when the hinge angle first entered the ligand release window. Examining data in Fig. 7 , we find that the mean closing time is about 25 000 δt; hence, conformation changes after ligand binding are significantly slower than the characteristic timescales of membrane shape fluctuations in our simulations. 48 On the other hand, the average time for the opening processes is about 8000 δt, comparable to the membrane relaxation time. Therefore, the fluctuations of the membrane at this length scale could adiabatically follow the slow closing processes, but may be on the same timescale with the fast opening motions of active machines. If the membrane size L 0 is increased, height fluctuations with smaller wavenumbers q min can be obtained and the relaxation of such fluctuations would be slower. There may be a stronger interplay between such slow membrane fluctuations and machine cycles. However, simulations with significantly larger membrane systems could not yet be undertaken in the present study.
C. Lipid flows induced by an active machine
From an examination of velocity correlation functions of lipid flows, we showed previously 34 that a lipid bilayer can be treated as a two-dimensional fluid with a logarithmic distance dependence characteristic for hydrodynamic interactions in two dimensions. 49 When an active membrane machine is present, its conformational motions not only affect the membrane shape but also laterally stir the lipid bilayer so that lipid flows can be expected.
To compute the velocity field of such lipid flows, ten independent simulations were carried out. In each simulation a system configuration was recorded every 10 δt giving, in total, 100 000 configurations for analysis. For each configuration, the mean velocity and the mean position of each lipid molecule, determined from averages of the velocities and positions of its beads, were computed. Again, the positions of all lipid and machine beads were shifted and rotated so that the machine was brought to the membrane center and oriented along the diagonal line in the xy-plane. When rotating the system, the lipid velocities were also rotated using the same rotation operation as for the lipids. The lipids were then sorted into a grid of 16 × 16 cells, and the average velocity in each cell was averaged over the lipids within the cell. To reduce the dispersion of the data, additional time averaging was carried out. Such averaging should be carried out on configurations with similar machine conformations. An examination of machine motions showed that machine arms immersed in the membrane move fastest immediately after binding or release of a ligand. Hence, the strongest effects on the lipid flows are to be expected at such cycle stages. Having this in mind, we identified the initial opening and closing segments in each cycle. The closing segment starts from ligand binding and ends at the moment when cos θ first becomes greater than cos θ t , whereas the opening segment starts from ligand detachment and ends at the moment when cos θ first becomes smaller than cos θ t . The characteristic angle θ t was chosen as θ t = (θ o + θ c )/2, i.e., the average of the hinge angles for the open and closed conformations. The configurations corresponding to the opening and closing segments in each machine cycle were selected and separate averaging over all such configurations for a series of five simulations was performed. As a result, average lipid fields corresponding to the opening and closing stages of an active machine could be determined.
The pronounced flows in the lipid bilayer, induced by the opening and closing motions of the membrane machine, can be seen in Fig. 10 , where the colors specify the magnitude of the velocity and the arrows indicate the local direction of the lipid flow. The lipids stream together with the opening arms in the upper-right and the lower-left directions. At the same time, the lipids from the periphery flow into the space between the two arms along the transverse directions. The velocity field for the closing segment is shown in Fig. 10(b) . As expected, the direction of the flow field is roughly reversed. The magnitudes of the lipid velocity fields also correlate with the speeds of the machine arms. Comparing the distributions for the membrane deformations (Figs. 4 and 5 ) and the lipid velocity fields (Fig. 10) , we notice that, in contrast to the membrane thickness changes, the induced lipid flows are not localized in the immediate vicinity of the immersed machine domains. This is related to the fact that the membrane behaves as a two-dimensional fluid on the length scale which we consider. According to the existing theories 49, 50 and confirmed in our earlier simulations, 34, 40 lipid bilayers represent two-dimensional Navier-Stokes fluids on the scales shorter than a micrometer. On such scales, lipid flows in the membrane are decoupled from the flows in the solvent, so that hydrodynamical slip conditions apply. In addition, we employed an immobilization procedure by applying compensating forces on the machine particles (see Appendix A), and measured the average forces acting on the rigid arms in the initial opening and closing segments: o |/|F c | 1.6 is comparable to both the ratio of the maximum lipid flow speeds driven by the opening-closing segments of the machine cycles (see Fig. 10 ), and the ratio of the arm speeds.
The hydrodynamical lipid membrane flow effects arising from the conformational motions of a membrane machine are similar to those seen for an organism swimming in a fluid medium. For example, recent experiments 51 on the flow fields induced by the nonreciprocal swimming motions of the single-celled alga Chlamydomonas reinhardtii in a quasi twodimensional medium lead to flow patterns like those of our much smaller molecular machine. In particular, as can be seen in panels (a) and (f) of Fig. 3 of this reference, the flow fields for the power and recovery strokes of this microorganism have the same structure as those produced by the opening and closing motions of our molecular machine. These induced flow patterns resemble the fluid velocity fields of hydrodynamical negative and positive force dipoles. 51 A more detailed assessment of the force dipoles can be obtained from the force dipole moment for the opening and closing segments. The immobilization procedure was again employed so that there was no net force and torque on the machine (Appendix A). The force dipole moment in two dimensions is a second rank tensorP, 52 and the average of the elements of the tensor was determined by
where β, β = {x, y} and R cm, κβ is the position of the center of mass of the machine arm κ. Note that only the contributions from large conformational motions of the machine arms were considered in Eq. (6) (see details in Appendix B). From the average over approximately 300 opening and closing events, we found the eigenvalues of P for the opening processes were λ o 1.66 and −0.72, and those for the closing processes were λ c −6.74 and −0.79. For the opening segment, the positive eigenvalue corresponds to the extension of the arms along the machine orientation indicating a force dilatation dipole, and the small negative eigenvalue represents the small contraction in the perpendicular direction. While a small negative eigenvalue was also determined in the closing segment, there exists negative eigenvalue with larger magnitude, which indicates a force contraction dipole.
Because membrane-bound machines are very small, with dimensions on nanometer scales, they are subject to strong thermal fluctuations. Consequently, as noted above, full details of the lipid flow fields induced by our molecular machine are only revealed after extensive averaging.
IV. DISCUSSION AND CONCLUSIONS
Understanding the dynamical properties of membrane bound protein machines is an important task because of the prevalence of such proteins and the roles they play in biological function. The mesoscopic method described in this paper provides a way to study their behavior through molecular simulation. Several features of the mesoscopic model are worth reviewing: the lipid membrane, protein machine, and solvent are all modeled at coarse-grain particle level. This allows large-scale simulations to be carried out efficiently. While the model is mesoscopic in character, since momentum is conserved, hydrodynamic interactions that are responsible for fluid flows induced in the membrane by machine motions are taken into account. The extension of the elastic network description to realistic models of specific protein machines 18-20, 23, 53 is straightforward and has the potential to allow one to explore aspects of the dynamical functions of membrane bound proteins that occur in the cell.
A number of other features of the mesoscopic model make it an attractive method for the study of membrane-bound protein machines and proteins in general. Since interactions between the particles forming the protein inclusion, lipids, and the solvent are treated through specific intermolecular potentials, both hydrophilic and hydrophobic interactions can be taken into account. In our study, both passive and active proteins were investigated. A passive machine deforms the lipid bilayer structure giving rise to distinctive local changes in thickness and bending of the membrane leaflets. Active machine cycling also gives rise to long ranged hydrodynamic flows in the membrane. Since intrinsic thermal fluctuations are strong for these nanoscale machines, substantial averaging is needed in order to observe and analyze the systematic flows induced by machine domain motions. The ability of the mesoscopic simulation method to address all of these factors makes it a powerful tool for the study of active membranebound protein machines.
The existence of induced lipid flows gives rise to longrange interactions between membrane proteins, which may play an important role in their collective dynamics. It should be noted that such flows, and the long-range hydrodynamical interactions they produce, will only be present if the protein inclusions are active, i.e., they cyclically change their conformation. Investigations of interactions between active protein machines in biomembranes is the subject of future research. 
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APPENDIX A: IMMOBILIZATION PROCEDURE
When an active peripheral machine cyclically changes its conformation in a membrane, the interactions with surrounding solvent and lipid molecules may induce translational motions in the x and y (lateral) directions and rotational motions about z (membrane normal) direction. In order to compensate the forces that induce such motions without affecting the machine conformational dynamics, we have employed an immobilization procedure.
A machine particle i experiences a net force f i comprising intermolecular forces and spring forces in the elastic network, and the total force acting the machine is
where N = 64 is the number of particles in the machine. To immobilize the translational motions of the machine, a compensating force f t = −F/N is applied to all particles in the machine. In addition, the net forces acting the machine particles also generate a torque,
where R i is the position of particle i and R cm is the position of the center of mass (CM) of the machine. To compensate the torque, an external force f r,i = ω × R i is added to particle i. Here ω is an arbitrary vector which should be chosen such that
Note that in our simulations, only the rotational motion about the membrane normal (z-direction) is prevented. To do this, we find that
and thus the external force on particle i is
The initial velocity of the machine particles is chosen so that the linear and angular momenta vanish. At each MD step, the compensating forces are included in the equations of motion, and the force acting on particle i becomes
One may verified that i f i = 0 and i (R i − R cm ) × f i = 0, thus the CM translational and z-rotational motions are eliminated.
APPENDIX B: FORCE DIPOLE MOMENT
In our simulations, while the model peripheral machine operates in a three-dimensional space, the induced flow pattern shown in Fig. 10 suggests that the machine behaves like a two-dimensional force dipole during its opening and closing processes.
In general, consider a protein machine consisting of n domains. The force dipole moment, a second rank tensor, is defined as
where β, β = {x, y}, R iβ is the β-component of position of the particle i, and f iβ is the β -component of the force given in Eq. (A6). We notice that the position of particle i in domain κ can be written as R i = R cm,κ + δR i , where δR i is the deviation from the CM of domain κ, and Eq. (B1) becomes
where F κβ = i∈κ f iβ is the total force acting on domain κ. In our model machine, there are two rigid domains (n = 2). The first term in the right side of Eq. (B2) corresponds to the contributions from the large conformational motions of two rigid arms inducing lipid flows, and the second term is the contribution to the force dipole from forces that lead to motions relative to the CM of the machine arms.
In our studies, we focus on the effects due to conformational motions of the machine arms, therefore onlyP ββ = n κ=1 R cm,κβ F κβ is considered. Generally,P is not a diagonal matrix since the machines in our simulations could be orientated in an arbitrary direction in the xy-plane. Diagonalization ofP yields two eigenvalues λ 1 and λ 2 with corresponding eigenvectors 1 and 2 . If λ i > 0, the machine conformational motion corresponds to a force dilatation dipole in the direction along the eigenvector i , and for a force contraction dipole the eigenvalue λ i is negative. 52 
